This paper deals with ordinary and stiffened sandwich beam using fiber reinforced Inorganic Phosphate Cement (IPC) with a polyurethane foam core. Novel IPC stiffeners are proposed and their performance to achieve composite stiffness of sandwich structures is investigated. Experimental and analytical methods are presented assuming that the specific response of beams in bending can be assimilated to elastic behaviour. This analysis method based on analysing a sandwich beam would be to treat it as I-beam. Three different structures of Sandwich beams with Inorganic Phosphate Cement (IPC) matrix composite faces and stiffeners were prepared for the experimental work; an ordinary sandwich structure (OSB), reinforced core sandwich (RCS), and integral blade sandwich (IBS). A good correlation was found with the theoretical analysis. The results confirm that the IPC-stiffeners improve the deflection resistance, and strength of the structures. In this study, the overall stiffness of the 85 cm span sandwich beams increased by factor of 7.6. Although the IBS structure expressed similar deflection behavior to RCS verse applied load, the experimental results show that this structure loses its integrity under lower applied load compared with RCS.
INTRODUCTION
For many years, light core sandwich construction has been considered as an alternative to many conventional structures. A sandwich structure is defined a special form of a laminated composite comprising of a combination of different materials that are bonded to each other so as to utilize the properties of each separate component to the structural advantage of the whole assembly (Awad et al., 2012; Zhenkun et al., 2012; Chen et al., 2011; Awad et al., 2010) . Development of lightweight core and faces materials has continued from the 1940s to today in an effort to reduce the weight of sandwich beams and to increase its strength and stiffness. Fibre composite sandwich structures are being increasingly used in applications requiring high bending stiffness and strength, combined with low weight. Sandwich structures generally consist of face sheets (skins) made of fibres which sandwiches the lightweight core material in the middle. In a sandwich structures, the strong and stiff skins carry most of the in-plane and bending loads while the core mainly bears the transverse shear and normal load. These structures are attractive structural materials for use in aerospace, maritime, and civil structures because of their high performance (e.g. bending stiffness). In this research, the core of the sandwich beams is made from polyurethane, and faces are made from a new room temperature hardening phosphate cement whose setting time can be extended, has been developed at the Vrije Universiteit Brussel (VUB). This material is called Inorganic Phosphate Cement (IPC) and is available under the commercial brand name Vubonite (Mosselmans et al., 2007; Alshaaer et al., 2011) . Due to its non-alkaline environment during and after setting and hardening, IPC can be combined with glass fibre reinforcement. Such a textile reinforced cementitious composite is an interesting material in those applications where high load-bearing capacity, good fire resistance and lightweight constructions are demanded (Cuypers, 2002) . IPC is a two-component system, consisting of a calcium silicate powder and a phosphoric acid based solution of metal oxides (Alshaaer et al., 2011) . After hardening, the material's properties are similar to those of cement-based materials. IPC represents a novel new class of room-temperature-setting chemically bonded materials with remarkable thermal, structural and rheological properties that are ideal for matrixes of fibre reinforced composite materials (Won et al., 2013; Zenkert et al., 2004; Cuypers, 2002; Vinson, 2001; Zenkert, 1995) . The first purpose of the present article paper is to perform an experimental and theoretical study on the IPC composite-based sandwich beams. The other purpose is to make some studies that explore how well using of IPC-stiffeners, as new material, through the weak core between the two IPC-faces might complete purely the basis of the minimum structural weight needed to carry specific loads with high stiffness. The relation between the applied load and the deflection of the material (stiffness) is the only design constraint imposed in the present studies, and the approach used classical concepts of both sandwich beams, and Ibeams. Sandwich beams having rectangular -cross-sections are compared with similar IPC-stiffeners reinforced sandwich beams (Won et al., 2013; Gara et al., 2012; Vinson, 2001 ).
NOVEL LIGHT-WEIGHT IPC-STIFFENERS FOR SANDWICH STRUCTURES
In sandwich structures, stiffeners are required to provide effective bond between the face plates and the light core. The stiffeners should be designed to satisfy three basic requirements (Sun et al., 2012) : (1) providing interface slipping resistance, (2) preventing complete 'pull-out' from the core, and (3) enhancing the cross section shear resistance to resist vertical load. The proposed stiffeners are made from IPC-glass fibre composite as shown in Fig.  1 . The inserted IPC-stiffeners (used in "I" beam) link the two face IPC plates preventing them from tensile separation and to provide bond enhancement between the polyurethane core and face plates. These stiffeners have ability to withstand extreme loads without loss of structural integrity. The effects of these stiffeners on the central deflection as a function of applied load of the sandwich beams are evaluated and compared with ordinary sandwich beams.
METHODS AND MATERIALS

IPC matrix composite faces and stiffeners
The faces and stiffeners of the sandwich beams were prepared by using Fiber Reinforced Inorganic Phosphate Cement (IPC). IPC is a two-component system, consisting of a calcium silicate powder and a phosphate acid-based solution of metal oxides (Alshaaer et al., 2011) . The powder component, Wollastonite (CaSiO3) NYAD®200 of NYCO was used. The liquid mixture is a phosphoric acid solution, containing metal cations and a retarding agent following (Mosselmans et al., 2007) . The weight ratio of powder to liquid used for all IPC mixtures in this research was 1/1.25, corresponding to a Ca/P ratio of 1.23. The two components of the IPC, the liquid and the powder, were mixed for five minutes at a speed of 1500 rpm with a blade mixer, in order to obtain a homogeneous mixture. Laminates in this work were fabricated by hand lay-up technique (Cuypers, 2002) . The amount of matrix used per layer was 1600 g/m2. Chopped glass fibre mats (2D-random) with a fibre density of 300 g/m 2 were used as reinforcement. The fibre diameter was 14 µm for all fibres. The length of the chopped fibres was 50 mm. The E-glass fibre reinforcement consists of fibre bundles rather than single fibres. The number of fibers per bundle was ± 1500 for 2D-random reinforcement.
Design of sandwich beams
Three different structures of Sandwich beams with Inorganic Phosphate Cement (IPC) matrix composite faces and stiffeners were prepared for the experimental work. The first structure, Figure (1)A, was a typical sandwich structure (OSB) from two IPC-faces separated by weak core, which was made from polyurethane (Gara et al., 2012; Sun et al., 2012; Cuypers, 2002) . The second structure is reinforced core sandwich (RCS), Figure (1 )B. This structure was composed from two IPC composite faces, and connected by two IPC-stiffeners to increase the overall stiffness of the beam and polyurethane core (Sohel et al., 2012) . In the second structure, each IPC-stiffener is composed from onelayer E-glass fibre 2D-random reinforced IPC laminates. The third structure, Figure (1)C, is integral blade sandwich (IBS). This structure composed from two faces separated by two IPC-stiffeners without light core. From each structure, three beams were prepared. All these sandwich beams are post cured at 60 °C for 24 hours after leaving them 24 hours under room temperature. Stiffness of these sandwich beams is a function of several parameters, particularly length (L), thickness of the core (t c ) and number of layers of the fibre reinforced IPC faces (k).Three series of OSB, RCS, and IBS were prepared. The dimensions and properties of sandwich beams used in the experimental study are presented in Table 1 .
Four-point bending test
The sandwich beams are tested in four-point bending. Testing is performed at room temperature with an Instron universal testing machine model 4505 (MEMC-Vrije Universiteit Brussel). The beam's dimensions are: height (d), width (b), the distance between the upper supports (L 1 ) mm, the applied load (P) and the distance between the lower supports (L 2 ) as shown in Table 1 . The four-point bending test set up is shown in Figure 2 . This experimental work was carried out to investigate the performance of ordinary IPC-based sandwich beams (OSB), reinforced core sandwich (RCS), and integral blade sandwich (IBS). Three beams with each structure were tested. Concentrated load was applied at the mid-span of supported beams. The load was applied in displacement-controlled mode with a speed of 0.2 mm/min. The resultant central deflection was measured and recorded. 
RESULTS AND DISCUSSION
Basic deflection behavior of the ordinary sandwich beams (OSB) versus applied load
In these experiments, the sandwich beams have the thickness t f and elastic modulus E f . The core has thickness t c and modulus E c . The flexural rigidity is then (Zenkert et al., 2004) :
For these IPC-based sandwich constructions, the core/face thickness ratio is 17 and the face/core modulus ratio is 6400 (see table 1 ). The faces are thin compared with the core, i.e., t f << t c , also the polyurethane core has a much lower modulus than that of the face, i.e., Ec <<Ef. Thus for these sandwich beams, the flexural rigidity can be written approximately as:
When the sandwich beam is subjected to shear forces it will deform without volume change (Cuypers, 2002) . This deformation can be divided into two parts, transverse and shear deformation (Zenkert, 1995) . The transverse deformation of an element equal γ dx and in order to find all the deformation an integration is performed over the length of the beam. For the homogeneous cross-section the shear stiffness, S, is often written as
Where G is shear modulus, h the height and k a shear factor.
The shear stiffness, S, is found by calculating the average shear angle of the cross section. Using the approximations for a sandwich with thin faces, t f << t c , weak core, E c <<E f and that shear modulus of the faces G f are large, the shear stiffness, S, can be written as
As result of four-point bending test (FPBT), deformation of the beams occurs as a function of both shear deformation w s (x) and bending deformation w b (x), equation (5). (5) In the region between the inner and outer supporter, L 2 -L 1 , the transverse force is constant and equal to P, which in turns means that the shear stress in the core is constant over a fairly long part of the beam. Between the inner supports, over a length of L 1 , the bending moment is constant and equal to P(L 2 -L 1 )/2, while in the same zone the transverse force is identically equal to zero. The deformation and the maximum deflection of the beam can easily be found by ordinary sandwich theorem (Zenkert et al., 2004) . 
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The maximum deflection, in the middle of the beam can similarly be written (7) By substituting equations 2, 4 in equation 7, it becomes possible to calculate the maximum deformation of the first structure (ordinary sandwich beams) after performing FPB test. The theoretical and experimental central (maximum) deflection of the OSB verses applied load is reported in Fig. 3A . It was observed that the experimental curves are in good agreement with curves resulting from theoretical calculations as shown in equation (7). The ultimate load was 3487 N with a corresponding deflection of 12 mm. These results show that the theoretical equations fit with the IPCbased sandwich beams as new material.
Reinforced core sandwich (RCS) with IPC-stiffeners
Analysing a sandwich structure with reinforced core would be to treat it as I-beam and is done by considering a sandwich of width b and an I-beam with flanges of width b, (Figure 4 ). By finding the thickness of the web b e , in the I-beam so that the two cross sections will have the same flexural rigidity. The equivalent b e can be found from this relation (Zenkert et al., 2004) . (8) According to the RCS structure, the total shear stiffness of the beam resulted from the two IPC-stiffeners and the core. We can consider that the two IPC-stiffeners are stretched to the width b, then its new stiffness parameters can be calculated as shown in Figure ( 
The applied load versus central deflection curves of RCS structure are shown in Fig 5B. The experimental results fit well with the theoretical calculations, according to equations 7 and 10, of the beams with IPC stiffeners. Compared with OSB, the IPC-stiffeners increased the overall stiffness of the sandwich structure by factor of 7.6. Also the failure load increased by factor 2, which is 6821 N for RCS. However the effect of the IPC-stiffeners is decreased with increasing length of the IPC sandwich beams. This can be shown by equation (7).
Integral blade sandwich (IBS)
The central deflection of Integral blade sandwich (IBS) versus the applied load is reported in Fig. 3C . There is a good agreement between the theoretical calculations and the experimental curves of this structure. Due to the fact that Ec <<Ef, the removal of polyurethane core had a negligible effect on the deflection behavior of this structure compared with RCS structure as shown in Fig. 3B . Therefore, these two structures, RCS and IBS, expressed the same stiffness behavior under applied load. The failure load of IBS is 4232 N which is less than that of RCS; 6821 N. Accordingly, the polyurethane core improves the overall stability of the structure under applied load and increases the failure load by 60%.
CONCLUSIONS
The numerical results reveal that IPC-stiffeners have a significant effect on the bending behaviors of sandwich beams. This experimental work accompanied with corresponding theoretical analysis confirms that the sandwich structures with fibre reinforcement IPC faces, as new material, and stiffeners fit well with the general sandwich structures equations. A good agreement is observed between the theoretical calculations and the experimental measurements of IPC sandwich beams with different structure: ORB, RCS, and IBS. Observable improvements in the deflection resistance and overall stiffness of the structures are observed with IPC-stiffeners, RCS. In this study, the overall stiffness of the 85 cm span sandwich beams increased by factor of 7.6. Although the IBS structure expressed similar deflection behavior to RCS verse applied load, the experimental results show that this structure loses its integrity under lower applied load compared with RCS.
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